In this work, we investigate the metal organic chemical vapor deposition (MOCVD) growth of GaAsN/InGaAs straincompensated superlattice cells in view of their application in solar cells. The compressive strain in InGaAs layers is matched by the tensile strain in GaAsN layers, overcoming the lattice-mismatch limitation. GaAsN/InGaAs strained layer superlattice cells, lattice-matched to GaAs, are proposed to extend the long-wavelength absorption of the bottom cell in a cascade solar cell structure. A strain-compensated superlattice solar cell with 0.6 mm GaAsN/InGaAs incorporated in the intrinsic region of p-i-n GaAs cells was fabricated. Compared with the fabricated InGaAs and InGaNAs cells, it was found that the GaAsN/ InGaAs superlattice cell can lower the band gap energy and extend the absorption the most, followed by the InGaAs cell. In addition, the efficiency of the GaAsN/InGaAs superlattice cell was 4.3%, which is comparable to that of the InGaNAs cell. The GaAsN/InGaAs strain-compensated superlattice structure shows many characteristics required to make it a candidate for the next-generation multijunction solar cells, which means this design can be used as the third junction of future-generation ultrahigh-efficiency three-and four-junction devices.
High-efficiency GaInP/GaAs tandem solar cells have been investigated for application in terrestrial high-concentration solar systems and as a power source for satellites. 1, 2) Multijunction III-V solar cells, such as GaInP/GaAs/Ge triple-junction cells, have given the highest conversion efficiencies of any two-terminal photovoltaic device. [3] [4] [5] [6] Increasing efficiencies can be expected by adding a fourth junction with a material that has a band gap energy of around 1 eV or by replacing GaAs with a material with a lower band gap energy. Thus, solar cells with (InGa)(NAs) as the absorption layer and band gap energies down to 1 eV have been fabricated. [7] [8] [9] Theoretically, this material could be helpful in reaching an efficiency of 40% in a multijunction cell. 10) However, higher efficiencies have been prevented by the poor electronic quality of InGaNAs. 8, [11] [12] [13] [14] [15] Low electron mobility and short minority carrier lifetime have resulted in short minority carrier diffusion lengths.
Incorporation of multiple quantum wells (MQWs) in the i-region of p-i-n solar cells has been regarded as a promising alternative in the design of high-efficiency III-V solar cells. A strain-balance technology approach incorporates InGaAs layers into a GaAs-based solar cell. However, strain GaAs/InGaAs QW solar cells have not possessed sufficient QW absorption to increase the short-circuit current (I sc ) to overcome the loss in open-circuit voltage (V oc ) resulting from dislocations. 16) What is needed is a superlattice composed of two materials having equal but opposite lattice mismatches so that the average lattice constant matches that of GaAs. Improved device performance has been obtained using a p-i-n structure with a wider depletion width. In this work, we investigate the metal organic chemical vapor deposition (MOCVD) growth of a GaAsN/ InGaA strain-compensated superlattice cell in view of its application in solar cells. The compressive strain in the InGaAs layers is matched by the tensile strain in the GaAsN layers, overcoming the lattice-mismatch limitation. We can utilize strain-compensation to reduce the band gap further to 1.2 eV and even to 1.0 eV, which is comparable to that of the conventional InGaNAs epitaxial layer and enlarge the critical thickness for which the In composition can exceed 2% for a lattice pseudomorphically strained onto GaAs and extend the wavelength along the way. Otherwise, the GaAsN/InGaAs strain-compensated superlattice structure shows many characteristics required to make it a candidate for the next-generation multijunction solar cells.
These devices were grown by low-pressure MOCVD on GaAs substrates using trimethylgallium (TMGa), trimethylindium (TMIn), arsine (AsH 3 ), phosphine (PH 3 ), and dimethylhydrazine (DMHy) as the nitrogen source in a hydrogen carrier gas at atmospheric pressure. N-and p-type doping have been achieved with disilane and dimethylzinc as doping precursors, respectively. Growth temperature was investigated in the range of 520 -750 C. The nitrogen incorporation into GaInNAs is found to depend sensitively on the growth temperature and DMHy/AsH 3 flow; high temperatures lead to minimal incorporation, because under these conditions the N solubility is expected to be very small. The relatively high growth temperature resulted in some annealing during growth of the device, but no postgrowth annealing was applied to these samples. The compositions in those epilayers were measured by highresolution X-ray diffraction (XRD) analysis. The quality of those epilayers was also characterized by XRD analysis and photoluminescence (PL) measurements. All the device structures include a 0.03 mm GaInP window layer/stop-etch layer and a GaAs contact layer. No antireflection coatings (ARCs) were applied. The structures are shown schematically in Fig. 1 . The total thickness of the GaAsN/InGaAs superlattice cell was 0.6 mm, and the N and In compositions were 0.3 and 6%, respectively. For comparison, the same emitter thickness of those devices was fabricated at about 0.5 mm, and the doping concentration was 5 Â 10 18 cm À3 . For InGaNAs layers grown without any intentional doping, the resulting background doping is p-type with concentration on the order of 10 17 cm À3 . The doping concentration of the n-InGaNAs base layer was 5 Â 10 16 cm À3 . Cells 0.09 cm 2 in area were processed using standard III-V device processing techniques. The final devices were measured under the AM 1.5G spectrum with a dual source solar simulator. Its light source consists of a xenon lamp and a halogen lamp. It can simulate the real solar spectrum and radiation constants AM 1.5G and AM 0 to be an incident sunlight power for the test device. Figure 2 shows the I-V characteristics of the GaAsN/ InGaAs strain-compensated superlattice cell and the InGaNAs cell under AM 1.5G illumination. It is obvious that the increases in short-circuit current and open-circuit voltage obtained from the GaAsN/InGaAs strain-compensated superlattice cell exceed those of the InGaNAs cell. The power conversion efficiency of the GaAsN/InGaAs strain-compensated cell was 4.3%. In the previous work, 7-10) the highest power conversion efficiency of the InGaNAs cell was 4.6%, but it is worth noting that the GaAsN/InGaAs straincompensated cell had neither a back surface field (BSF) nor an ARC. Furthermore, in this work we employed AM 1.5G illumination. As a result the power conversion efficiency were comparable to that of InGaNAs cell and can still be improved further by introducing thinner base layers, because a thicker base layer may cause certain absorption and does not increase the current. Otherwise, we can utilize straincompensation to reduce the band gap further to 1.2 eV and even to 1.0 eV, which is comparable to that of the conventional InGaNAs epitaxial layer. The thickness and composition of In and N must be selected appropriately to make sure that the strained system does not relax. Thus, it is practicable to replace the InGaAsN cell with a GaAsN/ InGaAs strain-compensated cell for the next generation of multijunction solar cells.
Typical quantum efficiency curves measured under the AM 1.5G illumination are presented in Fig. 3 for the InGaAs cell and the GaAsN/InGaAs strain-compensated superlattice cell. At wavelengths in excess of the InGaAs band gap (1.4 eV), the GaAsN/InGaAs strain-compensated superlattice cells extend the cell absorption to 970 nm while maintaining a short-wavelength spectral response comparable to that of the InGaAs cell. It is clear that the GaAsN/ InGaAs strain-compensated superlattice cell has a better absorption, followed by the InGaAs cell. The impaired spectral response in the range of 400 -820 nm in the GaAsN/InGaAs strain-compensated superlattice cell may indicate the lower quality of the intrinsic layer. The low spectral response at a short-wavelength suggests a decrease in collection efficiency for the carriers generated in the intrinsic layer, which is caused by the deteriorated quality of the intrinsic layer and/or the GaAsN-InGaAs interface. We believe that it can be further improved by optimizing the thickness of intrinsic layers and/or that of superlattice cells. The InGaAs cell is limited to alloys of low indium content on account of the critical thickness. 17, 18) In this work, the In composition cannot exceed 2% for a lattice pseudomorphically strained onto GaAs and growth thicker than 2 mm so as to extend the absorption area and obtain more incident photon. For the GaAsN/InGaAs strain-compensated superlattice cell, we can theoretically raise the In composition infinitely if we adjust the strain-compensated condition, which can accomplish the purpose of narrowing the band gap to enable it to take the place of cells based on InGaNAs materials for the next generation of solar cells. Figure 4 shows the PL for the InGaAs cell and the GaAsN/InGaAs strain-compensated superlattice cell. It is clear that the wavelength of the GaAsN/InGaAs straincompensated superlattice cell is a longer than that of the InGaAs cell. To increase the In incorporation into InGaAs, the wavelength will be red-shifted, which means a lower band gap energy. However, the greater the In incorporation, the more misfit growth on the GaAs substrate. For this reason, we can use strain-compensated technology, on the one hand to balance the crystalline defect, and on the other, to lower the band gap energy and enlarge the critical Eff.=0.5% thickness of the middle cell of a triple-junction solar cell. The extended quantum efficiency (see the dotted circle in Fig. 3 ) confirms again that the improvement of the GaAsN/ InGaAs strain-compensated superlattice cell can be attributed to the reduction of the bandgap. It does clearly indicate that strain-compensation is a viable solution to the problem of introducing lattice mismatched materials into the structure without generating the associated dislocations. Solar cells with a GaAsN/InGaA layer as an absorption layer have been grown successfully with the InGaAs/ GaAsN strain-compensated solar cell structure. We successfully extended absorption to the wavelengths beyond the band edge of lattice matched GaAs, which is at around 950 nm, and the efficiency was 4.3%, which is comparable to that of the InGaNAs cell. It must again be emphasized that the efficiency will further increase if the ARC is applied in this solar cell. Owing to its the excellent device performance, the GaAsN/InGaAs strain-compensated superlattice cell should have potential applications for future-generation ultrahigh-efficiency three-and four-junction devices. 
